Abstract. The Red Sea rift is asymmetric, with the locus of uplift and Tertiary volcanism in Saudi Ara
INTRODUCTION
Although some continental rifts eventually evolve into ocean basins, evidence from the geologic record suggests that many do not. Studies of the Red Sea may yield insight into factors controlling rift evolution because this region is transitional between a continental rift and an ocean basin. Geologic features associated with the early rift stage may still be preserved on the flanking margins of the Red Sea, while geophysical parameters such as heat flow and seismicity can also be observed in an area undergoing Models involving structural control of rifts are difficult to test directly because critical evidence may be obscured by later subsidence and sedimentation [Bott, 1982] . Although some evidence for structural control will be presented, the main strategy here is to assume this model as a working hypothesis and assess its feasibility indirectly by exploring some of its consequences through a review of available data.
Some implications for rift evolution will also be discussed. The simple shear model makes several predictions about evolving rifts that are directly testable in the northern Red Sea, a region of thinned and extending continental crust. Evidence suggests that the model may not apply to this region. First, available heat flow data for the Red Sea and adjacent margins are inconsistent with that predicted by simple sheafing [Buck et al., 1988] . Second, the model predicts an asymmetric pattern of seismicity, with earthquakes occurring on steep, west dipping normal faults on the east side of the developing rift (Figure 3) . Apparently, no such activity is occurring (Figure 1 ). In fact, the only seismicity not in the immediate axial trough region in the northern and central Red Sea occurs west of the trough, including some events in the Precambrian shield of Egypt. Third, the simple shear model predicts different sedimentation ages on the east and west margins. Clastic sedimentation on the west margin associated with the "upper crustal breakaway" and related normal faulting should begin earlier than sedimentation on the eastern margin ( Figure   3C ). In fact, the opposite is observed. Purser and Hotzl [1988] (Figures 1 and 2 ).
LOW-ANGLE FAULT MODEL FOR RED
This hypothesis can'be tested with seismic refraction data on crustal thickness. Neglecting erosion and thermal effects and assuming simple Airy isostasy, the thickness t b of an added "basaltic" layer at the base of the crust resulting in uplift h is given by hPm Uplift, however, more or less coincided with the early stages of continental extension ( Figure 5 ). The timing of volcanism, uplift, and extension thus supports neither purely active nor purely passive rifting. Early volcanism noted above does, however, imply an association between upwelling mantle and rift initiation (see also Morgan et al. [1985] ). In the model to be described it will be assumed that extensional stress is derived from a combination of passive and active mechanisms.
The age and extent of earliest mafic volcanism in a region can be used to infer minimum age and regional trends of initial mantle upwelling. The location of Cenozoic mafic volcanics, as well as the age of earliest volcanism in a given area (defined in the figure caption), are plotted for northeast Africa-Arabia in Figure 7C ) represents an idealized step change imme diately after intrusion of sill. Transient thennal effects 1 million, 3 million, and 5 million years after intrusion of the sill are superimposed on the original geothenn go in Figure 7C . Cooling curves evolve from g ' back to go , as described in the appendix. Strength profiles calculated according to equations (4), (5), and material constants in Table 1 . Brittle strength curve assumes water saturation. Quartz rich material is assumed for the upper crust, diabase is assumed for the lower crust, and olivine is assumed for the upper mantle, with depth boundaries as shown. Strain rate for ductile strength curves ( Figure 7B and D) is 10-14/S; strain rates of 1O.13/s and 1O-15/S were tested and do not change results significantly. Stippled area in Figure 7D shows strength after 5 million years; times longer than this do not show significant strength changes. 
Asymmetric Spreading and Migration of the Incipient Rift Relative to Underlying Asthenosphere
Upwelling asthenosphere laterally displaced from the locus of crustal extension can produce some axially asymmetric features during initial rifting. However, as stable seafloor spreading develops, it seems likely that upwelling asthenosphere and the rift axis will tend to align vertically. Vink [1984] noted that the Iceland hotspot, initially located beneath Greenland, channeled material to, and finally migrated beneath, the Mid-Atlantic Ridge. Weinstein and Olson [1989] noted that hotspots are preferentially located near divergent plate boundaries and suggested that mantle plumes associated with hotspots would tend to be entrained into the upwelling flow beneath spreading centers.
Continued heating of continental crust from below will lead to significant weakening and possible rifting in the region directly above the upwelling asthenosphere on time scales less than 10 million years, as discussed in the last section. The fact that the region in Saudi Arabia where 20-30 Ma volcanics are exposed did not rift requires either that asthenospheric upwelling wained shortly after it started or that the lithosphere moved with respect to the asthenosphere, removing the affected crust from the zone of greatest heating. This section describes evidence for realignment of the lithosphere with respect to the asthenosphere. This motion brought the incipient rift more closely into alignment with the locus of upwelling.
Magnetic anomaly patterns indicate that spreading in the southern Red Sea is highly asymmetric [Roeser, 1975] . Although many oceanic ridges have slight (=10%) spreading rate asymmetries, the large (factor of 2) magnitude of the Red Sea spreading rate asymmetry is surprising. Stein et al. [1977] presented a model for asymmetric spreading involving migration of a ridge with respect to its asthenospheric source. In this model, northeast motion of the Red Sea spreading ridge with respect to its source would result in the trailing (southwest) plate accreting material faster than the advancing (northeast) plate, as observed ( Figures 9A and 9B) . Since the migration rate from absolute plate motion models (1-3 cm/yr; see below) is of the same order as the total spreading rate (1.5 crn/yr), it is easy to imagine the large difference in the half-spreading rates being generated in In summary, asymmetric magnetic anomalies and absolute plate motion models imply northeast migration of the incipient rift and adjacent lithosphere rela-rive to a zone of upwelling asthenosphere. This is consistent with the observation that Tertiary compressional deformation adjacent to the rift, apparently accommodating some fraction of the additional crust created during Red Sea rifting, is restricted to the northwest-trending Zagros and Kopeh-Dagh fold belts in Iran northeast of the rift (Figures 6 and 9C) . 3. Absolute plate motion models, the pattern of asymmetric seafloor spreading in the southern Red Sea, and post-Oligocene deformation in marginal zones to the northeast suggest that the incipient Red Sea rift and adjacent lithosphere migrated northeast over a relatively fixed zone of asthenospheric upwelling. Absolute plate motion with respect to upwelling asthenosphere may be an important factor in rift evolution.
4. Preexisting weak zones may also be an important factor in rift evolution. They localize extension and crustal thinning and thereby focus magmatism, in effect "capturing" the upwelling asthenosphere and promoting initiation of seafloor spreading. 
